Abstract-A novel six-band metamaterial absorber based on four multiple-mode Ω-shaped resonators (MMORs) is presented, analyzed and measured in this paper. The discrete absorption responses, determined by horizontal-oriented and vertical-oriented MMORs, can be combined to add the total number of absorption peaks. Among the six absorption peaks, four absorption peaks are excited by horizontal-oriented MMOR, and the other two are excited by vertical-oriented MMOR. The absorber, composed of a simple resonators-dielectric-sheet sandwich structure, has six distinct near-perfect absorption peaks with the polarization-insensitive characteristic in the frequency range from 2 to 17 GHz. To reveal the physical mechanism of the absorber, the distributions of the surface current and power loss density, and the equivalent circuit model are also investigated at the six absorption peaks. Moreover, the measured results are in good agreement with the simulated ones and show that the average absorption rate of the proposed absorber is over 97.21%.
INTRODUCTION
Metamaterials have been greatly developed since the first one was confirmed by Smith et al. in 2000 [1] . Due to the exotic electromagnetic characteristics, the metamaterials have been widely applied in filters [2] , antennas [3] , polarization converters [4] , absorbers [5] , etc. Compared with classical absorbers, the absorbers based on metamaterials have the advantages of light weight, small size and nearly perfect absorption [5] . However, in the early stage, most of the metamaterial absorbers (MMAs) are single-band [6, 7] or polarization-sensitive [8, 9] . To achieve different features, such as multiband and polarization-insensitive [10] [11] [12] [13] [14] [15] [16] [17] [18] , many efforts are put to develop the MMAs, and a variety of design methods have been reported in the past few years. For a multi-band absorber, the reported design methods can be mainly classified into three types. The first one is to integrate multiple different resonators into a single cell. The second one is to stack multiple layers with different resonators in vertical direction. The third one is to excite multiple resonance modes with only single resonator in the unit cell. Compared with the first two types of methods above, the last one has the characteristics of ultra-thin thickness and small size. However, it will get into the trouble that the structure of the resonator becomes more and more complicated as absorption band increases [19] [20] [21] . Moreover, these methods are only suitable for designing dual-band, triple-band and quad-band absorbers. So, an effective design method is still absent for designing super multi-band (≥ 5) MMAs which possess the characteristics of polarization-insensitive and nearly prefect absorption. A concept, attempting to construct the super multi-band absorber, is still interesting. The concept proposed here originates from a phenomenon observed by Wang et al. [22] , i.e., different absorption peaks can appear when the resonator is polarized under 0 • and 90 • polarization angles. Thus, by placing two same resonators in the vertical and horizontal directions, integrating absorption performances of 0 • polarization angle with that of 90 • polarization angle may be achieved. To further achieve the property of insensitive polarization, it is better to utilize a symmetric structure. Finally, the absorber with four same resonators is proposed.
In this paper, we design a novel six-band MMA by utilizing the new design strategy mentioned above. The absorber proposed here is composed of a continuous metallic sheet, a dielectric substrate and an array of four multiple-mode Ω-shaped resonators (two horizontal-oriented resonators and two vertical-oriented resonators). Among the six resonance modes, four modes are excited by horizontaloriented resonators, and the other two are excited by vertical-oriented resonators. Multiple simulations and experiments demonstrate that the MMA has the characteristics of polarization-insensitivity and nearly prefect absorption. Therefore, the MMA proposed here can be applied in massive related areas, such as thermal detectors, imaging and stealth technology.
STRUCTURE AND DESIGN
The unit cell of the proposed MMA is composed of four MMORs and a metallic ground sheet separated by a dielectric substrate, as depicted in Fig. 1 . The MMOR consists of a split ring and two arms. To realize the electromagnetic responses of horizontal and vertical polarizations simultaneously, the four MMORs (orderly named R1, R2, R3 and R4) are placed along the horizontal and vertical orientations of the unit cell. The dielectric substrate is FR-4 with a 1.2 mm thickness (h) and relative refractive index of n = 2.074 + i0.026. The MMORs and metallic ground sheet are designed by using copper with a conductivity of σ = 5. The numerical result of the proposed MMA is simulated by the finite element method (FEM). The unit cell boundary conditions are set in the x and y directions. A normal incident plane wave, propagating along the z direction, is used as the excitation source with the electric field polarized along the y direction (TE polarization). The absorption rate can be calculated by the expression [5] :
, in which R(ω) equals the square of the reflection coefficient S 11 (ω), and T (ω) equals the square of the transmission coefficient S 21 (ω). The transmission coefficient is approximately equal to zero, because the bottom film is far thicker than the skin depth, and then the calculation expression can be reduced to A(ω) = 1 − R(ω).
SIMULATION RESULT AND DISCUSSION

Numerical Analysis on Absorption Performances
The absorption spectrum of single vertical-oriented MMOR under normal incidence and 0 • polarization angle is presented in Fig. 2(a) , where the MMOR shows four obvious absorption peaks at 3.98 GHz (M 1), 9.55 GHz (M 2), 13.01 GHz (M 3) and 15.73 GHz (M 4). When the MMOR is rotated to the horizontal direction, the MMOR correspondingly presents three absorption peaks at 6.68 GHz (N 1), 10.86 GHz (N 2) and 15.90 GHz (N 3), as shown in Fig. 2(b) . Then a four-fold symmetrical structure, composed of two horizontal-oriented MMORs and two vertical-oriented MMORs, is proposed to form a polarizationinsensitive absorber, and the absorption spectrum is also shown in Fig. 2(c) . The absorption spectrum contains six obvious absorption peaks at 3.95 GHz, 6.61 GHz, 9.17 GHz, 11.22 GHz, 12.59 GHz, and 15.63 GHz, and the corresponding absorption rates are 97.04%, 99.57%, 99.54%, 98.95%, 99.94%, and 99.49%, respectively. The six absorption peaks are orderly named mode P 1, P 2, P 3, P 4, P 5 and P 6. It can be found that the absorption response of the proposed MMA is determined by the combination of the absorption responses of the horizontal-oriented and vertical-oriented MMORs. Especially, the absorption peak at 15.73 GHz (M 4) excited by the vertical-oriented MMOR and the absorption peak at 15.90 GHz (N 3) by the horizontal-oriented MMOR are very close to each other, and then the two peaks merge into one peak at 15.63 GHz (P 6). As presented in Fig. 3 , the proposed MMA shows six absorption peaks in the normalized impedance spectrum, and these frequencies are consistent with the absorption frequencies of modes P 1 ∼ P 6. The normalized impedance can be calculated by following formula [23] . (
The surface current distributions of (a)-(f) top and (g)-(l) bottom layers at (a) and (g) mode P 1, (b) and (h) mode P 2, (c) and (i) mode P 3, (d) and (j) mode P 4, (e) and (k) mode P 5, and (f) and (l) mode P 6, respectively.
Moreover, the normalized impedance of the MMA is close to that of free space at the six absorption peaks, resulting in perfect impedance matching.
To further reveal the resonance mechanism of the proposed MMA, the surface current distributions on the top and bottom layers at the six resonance frequencies are illustrated in Figs. 4(a)-(l) . The black arrows are used to mark the current directions, and the color represents the intensity. From the figure, six distinct resonance modes are obviously obtained from the surface current distribution. The surface currents on the top and bottom metal layers are in opposite directions at six resonance frequencies. At the six absorption frequencies, circulating current loops are formed around the magnetic field, which is attributed to magnetic excitation [24] . At modes P 1, P 3, P 5 and P 6, the surface currents mainly distribute in the horizontal-oriented MMORs (R2 and R4), which indicates that the four strong absorption peaks originate from the response of the MMOR under 0 • polarization angle. On the contrary, the surface currents at modes P 2 and P 4 mainly appear at the vertical-oriented MMORs (R1 and R3), which suggests that the two strong absorption peaks originate from the response of the MMOR under 90 • polarization angle. These results are consistent with those in Fig. 2 , which validates that the absorption response of the proposed MMA is determined by the combination of the absorption responses of the horizontal-oriented and vertical-oriented MMORs.
To better understand the absorption mechanism, the power loss density distributions in the interface between the top metal and the medium and the vertical (a-a ) or horizontal (b-b ) cutting plane at six absorption peaks are analyzed and shown in Figs. 5(a)-(f) , respectively. The power loss density mainly occurs in the edge and gap of the MMOR. The maximum power loss takes place in the interface, and then the absorbed power is totally dissipated in the substrate. It should be noted that the power losses at modes P 1, P 3, P 5 and P 6 are concentrated in the horizontal oriented MMORs. And the power losses at modes P 2 and P 4 are concentrated in the vertical oriented MMORs. This characteristic of power loss density is consistent with the absorption performances determined by the combination of the horizontal and vertical MMORs.
Furthermore, the sensibility of the proposed MMA is investigated by tuning several main dimension parameters. The absorption spectrum for variation of the period P is illustrated in Fig. 6(a) . When period P increases from 19 to 21 mm, the frequencies of modes P 1, P 3, P 4 and P 6 have a blueshift, while the absorption frequencies of modes P 2 and P 5 keep nearly unchanged. Thus, the absorption frequencies can be optionally modulated by changing period P . For thickness h of the dielectric layer, as shown in Fig. 6(b) , when h varies from 1.0 to 1.4 mm, the absorption strengths of all the modes go beyond 95%, indicating that the absorber can maintain high performance in practical fabrication even if there is a thickness deviation in the dielectric layer. (a) depicts the simulated absorption spectrum under different polarization angles for the case of normal incidence. As observed, when the polarization angle changes from 0 • to 90 • , the absorption performance of the proposed MMA keeps almost unchanged. It suggests that the proposed MMA has the characteristics of polarization-insensitive absorption and can be used to the applications which are independent of polarization. Figs. 7(b) and (c) illustrate the simulated absorption spectrum of the proposed MMA for different oblique incident angles (θ, defined as the angle between the wave vector and z axis) for TE and TM polarization waves, respectively. For the case of TE polarization, the resonance frequencies of modes P 1, P 2, P 3 and P 4 are nearly unchanged as θ increases, and the absorption rates remain above 80%. When θ increases to 30 • , the resonance frequency of mode P 5 has a blueshift, and an additional absorption peak appears between the 11.22 GHz (P 4) and 12.59 GHz (P 5). Especially, with the increase of θ, the absorption rate of mode P 6 gradually decreases because the magnetic field decreases and cannot effectively excite resonance absorption under the large incident angle and TE polarization [25] . For the case of TM polarization, the resonance frequencies of modes P 1, P 2, and P 3 keep nearly unchanged as θ increases, and their absorption rates are more than 90%. The resonance frequencies of modes P 4 and P 5 have a redshift. In particular, when θ increases to 45 • , the absorption peak of mode P 6 changes from 15.58 GHz to 13.57 GHz, and an additional peak is generated at 16.2 GHz with an absorption rate of 63%. 
Equivalent Circuit Model
To further understand the resonance mechanism of the proposed MMA, the equivalent circuit model has been investigated. Due to the similarity between the circulating current loop excited by magnetic field in the absorber and the one excited by a source in the parallel LC resonant circuit, the multiband absorber can be considered as a cascaded parallel LC resonant circuit [26, 27] . Each absorption frequency is determined by its corresponding parallel LC resonant circuit, as shown in Fig. 8 . The input admittance Y of each parallel LC resonant circuit can be calculated by Eq. (1), where R, L, and C represent the effective resistance, effective inductance and effective capacitance, respectively. In order to achieve perfect absorption at each absorption frequency, the input impedance Z (Z = 1/Y ) of each parallel LC resonant circuit should match the wave impedance of the incident electromagnetic wave (Z = 377 Ω). Ignoring the small loss of metal (R ≈ 0), the resonance frequency (absorption frequency) of the corresponding LC circuit can be simplified as Eq. (2) according to the circuit resonance conditions.
As shown in Fig. 4 , the surface currents at different absorption frequencies distribute in different local regions. Thus, the inductance L can be extracted according to the surface current distribution for each absorption frequency. The inductance L can be approximated by the formula: L = μ * h * l/w [28, 29] . μ is the permeability of the dielectric, and l and w are the length and width of the metal which the surface current flows through. Once L, Y and f 0 are fixed, then parameters R and C can be extracted by Eq. (1) and (2). An equivalent circuit model of each LC resonant circuit is built in Advanced Design System (ADS) and shown in Fig. 8 . The resistance R in the equivalent circuit model, related with the losses of absorber, can be used to tune the absorption rate and bandwidth.
The coupling equivalent circuit model, as shown in Fig. 9 , is employed to consider the coupling effect between two adjacent LC resonant circuits, and a coupling capacitance C i,i+1 between the (i)-th and (i+1)-th LC resonant circuits is inserted. The coupling capacitance needs to be bisected equally in series, and the excitation port is loaded at AA' for the analysis in ADS. The initial value of coupling capacitance C i,i+1 can be calculated by Eq. (3) for the asynchronously-tuned coupled resonators [30] . In ADS, the optimized coupling capacitances are as follows: C 1,2 = 0.062 pF, C 2,3 = 0.056 pF, C 3,4 = 0.059 pF, C 4,5 = 0.059 pF, C 5,6 = 0.061 pF. Figure 9 . The coupling equivalent circuit model of two adjacent circuits.
Finally, the complete equivalent circuit model of MMA, as shown in Fig. 10 , can be formed by cascading six individual parallel LC resonant circuits with five intermediate coupling capacitances. The value of the source impedance Z is set the same as the free space impedance (Z) of 377 Ω, and the source excites the six LC resonant circuits simultaneously, which can effectively simulate the absorption performances under the condition that the electromagnetic wave is normally incident. In ADS simulation, according to the principle of circuit coupling [30] , capacitances C 1 and C 6 should subtract C 1,2 and C 5, 6 , respectively, and capacitances C 2 , C 3 , C 4 and C 5 should subtract (C 1,2 + C 2,3 ), (C 2,3 +C 3,4 ), (C 3,4 +C 4,5 ), and (C 4,5 +C 5,6 ), respectively. Finally, the response of the complete equivalent circuit of MMA simulated in ADS, together with the absorption responses of the full-wave simulation and measurement, is presented in Fig. 11 . As shown in Fig. 11 , a good agreement between them at the six absorption frequencies is successfully obtained. Therefore, the proposed six cascaded parallel LC resonant circuits model of MMA can effectively characterize the absorption performances at six absorption frequencies.
FABRICATION AND EXPERIMENT
The test sample, composed of 10 × 10 cells (200 × 200 mm 2 ), is fabricated by using standard PCB technology, and a photograph of the sample is shown in Fig. 12(a) . A pair of horn antennas is connected to an Agilent E5071C vector network analyzer to measure the absorption performance of the sample, as shown in Fig. 12(b) . One horn antenna is used as the transmitter, and the other is used as the receiver. The sample is placed 1.0 m away from the horn antenna to satisfy the far-field measurement condition that the distance between the sample and the antenna must be greater than the threshold of D 2 /λ = 0.6 m mentioned in [31] and [32] . D = 0.1 m is the maximum dimension of the horn antenna, and λ = 1.7 cm is the shortest wavelength in the frequency range from 2 GHz to 17 GHz. Therefore, the near-field effects within the whole measurement frequency range can be ignored in this measurement setup. The free-space measurement method is used to measure the reflection coefficient of the sample. Firstly, the reflection coefficient (that is S R 12 ) measured from the copper sheet, which has an identical dimension with the sample, is considered as the reference, and then the actual reflection coefficient of the sample can be obtained by subtracting the reference from the reflection coefficient (S M 12 ) measured from the front of the sample. Finally, the absorption rate can be calculated by the equation:
, where R(ω) is the square of the actual reflection coefficient. Figure 12( , the absorption spectrum remains nearly unchanged at the six absorption frequencies, indicating that the proposed MMA is insensitive to polarization angle. Besides, the slight offset of absorption frequency between the simulation and measurement is caused by manufacturing tolerances and deviation of the permittivity of the substrate. Fig. 13 shows the measured absorptivity as a function of frequency for TE and TM polarizations, respectively. In both TE and TM polarization cases, the incident angle ranges from 0 • to 45 • in steps of 15 • . For the case of TE polarization, the measured absorption rates remain greater than 87% for different incident angles, except that the absorption peak of mode P 6 gradually decreases. For the case of TM polarization, the measured absorption rates of modes P 1, P 2, P 3, P 4 and P 5 are higher than 94% for different incident angles. For mode P 6, the absorption rate drops to 62.35%, and the frequency has a redshift. Thus, the measured results are in good agreements with the simulated ones (see Figs. 7(b) and (c)) at six absorption peaks.
CONCLUSION
In this paper, an ultra-thin MMA with the characteristic of polarization-insensitive absorption is obtained by combining the absorption responses of the horizontal-oriented and vertical-oriented MMORs. The proposed MMA, with six obvious absorption peaks at 3.95 GHz, 6.61 GHz, 9.17 GHz, 11.22 GHz, 12.59 GHz, and 15.63 GHz, has the corresponding absorption rates of 97.04%, 99.57%, 99.54%, 98.95%, 99.94% and 99.49%, respectively. The distributions of the surface current and power loss density and the equivalent circuit model are successively investigated to reveal the absorption mechanism. In addition, the influences of several dimension parameters on the performances of the absorber are researched, demonstrating that the frequencies can be optionally modulated, and the absorber can maintain high absorption rate even if there is a deviation in the thickness of the dielectric layer. The dependence of the absorption performances of the proposed MMA on the incident angle and the polarization angle are analyzed, and a good agreement between the measured and simulated results is achieved successfully. Therefore, the proposed MMA with super multiple bands has a great prospect in massive related areas, such as EM filter, sensing and stealth technology.
